Abstract
Introduction

9
[1] The human population has more than doubled in the past 50 years, expanding the scale and field experiments, and various types of models continue to elucidate key linkages among climate 15 variability, ecosystem function, and anthropogenic activities. This knowledge is essential to anticipate 16 potential changes under future conditions and to design adaptation or mitigation strategies that 17 promote the sustainability of the coupled Human-Earth system.
18
[2] One of these interactive processes linking human activities and natural ecosystems is fire System: the atmosphere (e.g. weather conditions), the terrestrial biosphere (e.g. fuel loads) and 24 anthropogenic activities (e.g. land-use fires and fire suppression). The interaction among these 14 [4] One key prospect to build upon existing work, as mentioned by Thonicke et al. (2010) , is to 15 develop the capability for modeling fire spread over consecutive days. This capability has been 16 reported in one global fire model focusing on pre-industrial era fires (Pfeiffer et al., 2013) . In many 17 ecosystems, multi-day fires are a major driver of the overall fire activity. In boreal regions, dry-spells 18 and heat-waves in days and weeks following ignition enable the growth of large fires (Abatzoglou 19 and Kolden, 2011), and although those burning over 200ha represent a minor fraction of all fires, 20 they typically account for 90+% of the total area burned (Stocks et al., 2002) . In tropical forests, because depicting patterns of fire activity and their sensitivity to fire drivers is a pre-requisite to 12 project realistic fire impacts. Evaluating fire models is challenging when they are embedded within 13 vegetation models however, because vegetation distribution strongly affects fire dynamics (Scott and 14 Burgan, 2005), and if modeled inaccurately, may lead to unrealistic fire projections for reasons 15 unrelated to the fire parameterization.
16
[6] This paper describes the development of the HESFIRE model (Human-Earth System 17 FIRE), aiming to improve our understanding of current fire activity and our capacity to anticipate its 18 evolution with future environmental and societal changes. HESFIRE is first developed as a 19 standalone model, i.e. not integrated within a dynamic vegetation model. The major emphasis of this 20 research is to outline the model structure and apply an optimization procedure to explore some of 21 the research opportunities mentioned above. Our analysis has three main objectives: 1) explicit 22 representation of fire ignition, spread, and termination, without exogenous constrain on fire 23 duration; 2) consideration of atmospheric, terrestrial, and anthropogenic drivers in order to 1 represent synergistic effects among weather, vegetation, and human activity-key steps towards the 2 implementation of the fire model within Human-and Earth-system models; and 3) model 3 optimization and evaluation to improve our understanding of constraints on global fire activity and 4 to quantify uncertainties of future fire activity projections. temperature, wind speed), soil moisture, and fuel structure categories (forest, shrub, grass). https://github.com/HESFIRE/HESFIRE1. The optimization procedure is included in the code. 
Model description
9
[11] The full list of parameters is described in Table 1 . The following sections detail the fire 10 ignition, spread and termination modules. 
Fire ignitions
12
[12] Fires may occur due to natural ignitions (NAT ign ) and human ignitions (ANTHROP ign ): are the product of cloud-to-ground lightning strikes, the probability of ignition from lightning, and 5 the fractional cover of flammable vegetation in a given grid cell:
Where CG flashes is the number of cloud-to-ground lightning strikes, CG ignp is the lightning ignition 8 probability determined through the optimization procedure (see Sect. 
where GDP n is the normalized Gross Domestic Product per capita (from 0$ to 60000$), GDP exp the 10% of the landscape is occupied ( Figure S1 ). soil moisture, temperature, wind speed, and fuel structure:
With RH n , SW n , T n as normalized driver, e.g.:
!, 1 , 0 Eq. 5 head-to-back (HB) ratios of the elliptical fire, both of which depend on wind speed (w). pathway contributes to the overall probability of termination; fire termination is then determined by 10 the same Bernoulli trial stochastic approach applied to fire ignitions. Fire termination is computed 11 every 12 hours and may occur before any spread (i.e., right after ignition).
where N fires is the number of active fires, the current time step, as an indicator of water limitation on fuel build-up in arid areas:
where Precip n is the average precipitation from -15 to -3 months, normalized from 0.5 mm.day Table 1 and Figure S2 in supplementary material). Fuel exp is the shape 9 parameter, determined through the optimization procedure.
10
[19] The influence of landscape fragmentation is computed as:
where Frag n is the fraction of the grid-cell that cannot sustain a fire. edge density and more (Jaeger, 2000; Schumaker, 1996) . Alaska, bush fires in northern Australia); and 2) the more fire prone the conditions (weather, fuel),
the less effective fire suppression efforts are. These assumptions are embodied in the following 8 equation:
where LU n is the fraction of the grid-cell with land use, normalized from 0 (LU n =0) to 0.1 (LU n =1),
LUSUP exp a shape parameter controlling the increase in suppression effort with land use density,
11
GDP n is the normalized GDP (from 0 to 60000$/capita), GDP exp the shape parameter, and F suppressibility 12 a proxy for the influence of weather and fuel on easiness of suppression. LUSUP exp and GDP exp are 13 determined through the optimization procedure. Note that GDP exp has the same value as in Eq. 3 14 for human ignitions. GDP has a negative relationship on fires through both ignitions and 15 suppression, leading to an under-constrained optimization if maintaining 2 separate parameters.
16
F suppressibility is dependent on weather conditions and fuel, assuming lower suppressibility with windier, 17 drier, hotter conditions and with higher fuel load:
Previous studies on the influence of climate conditions on fire intensity and suppressibility are an impact on fire suppression, until more research is done on the subject. 
Model optimization
5
[21] The 9 optimized parameters ( with a shape parameter, RH exp (Eq. 4).
16
[22] These shape parameters can convey a wide range of potential driving relationships ( Figure   17 2 difference between 3% and 4% in fire-sensitive tropical forests is more relevant to capture than 1 between 33 and 34% in fire-adapted grasslands of northern Australia.
where MOD fclass and OBS class are the modeled and observed fire classification, and IAV correcoef the 4 correlation coefficients for both time series, for each grid-cell.
5
[25] The optimization was performed using modeled and observed burned area over 5-years see Figure S3 and Figure S4 (landscape fragmentation parameter). 
Land use and GDP
7
[31] Land use density was computed as the sum of crops and urban lands in the GlobCover data. by a factor greater than five, and were discarded as unsuccessful parameterization, most likely getting 6 stuck at local optimums. Hereafter, we refer to the remaining 16 models to consider parameter uncertainty, represented by the black lines in Figure 4 and shaded areas in Figure 5 .
8
[34] For fire ignitions, the probability that lightning strikes on natural vegetation ignite a fire thresholds (e.g. relative humidity over 80%) and were thus not optimized. 
Global 1997-2010 run and comparison to observation-derived data
10
[37] The modeled and observed average annual burned fractions across the world are illustrated 11 in Figure 6 . In South America, which was not part of the optimization phase, HESFIRE depicts 12 most spatial patterns as well as the actual incidence of fires, including increased fire activity degree resolution dataset.
6
[38] Aggregated monthly burned area across 14 regions ( Figure 7 ) and their respective fire size 7 distribution are illustrated in Figure 8 . The monthly time series provide insights into the 8 performance of HESFIRE on regional fire incidence, fire seasonality and inter-annual variability.
9
Average burned area in the main fire incidence regions are in agreement with the GFED database 
Model sensitivity
3
[40] The sensitivity analysis shows the class of the parameter whose altered values (+50% and -4 50%) led to the largest change in averaged annual burned area at the grid-cell level ( Figure 9 ). In 5 boreal regions, although HESFIRE does not perform well, fire incidence is mostly sensitive to 6 weather parameters, and to a lower extent to the fuel load parameter. In humid tropical ecosystems,
7
HESFIRE is also mostly sensitive to weather parameters, but anthropogenic parameters become America along the arc of deforestation. In semi-arid areas, the vegetation fuel parameter has the 10 most influence, including in Mexico, sub-Saharan and southern sub-equatorial Africa, the horn of reproduces reasonably well many aspects of regional fire activity, including fire incidence and 
23
[43] The combination of these characteristics and performance suggests that the modeling and by using them as a direct input or to correct the bias in the NCEP data while maintaining its high 13 temporal resolution and extensive timespan. 
Fires in semi-arid regions and links to the fuel proxy
22
[46] Semi-arid ecosystems presented a particular challenge due to the sensitivity of fuel 1 characteristics to soil, precipitation and potential evapotranspiration conditions, which cannot be 2 fully captured by the cumulative precipitation proxy. In the final parameterization, HESFIRE is in 
Representation of anthropogenic ignitions
18
[48] Modeling the global diversity of fire practices remains a significant challenge. HESFIRE practices (fire prevention, fire suppression), and can also be due to arson or leisure activities (e.g. There is not much ground to believe fire practices will closely follow future GDP and land use 
Termination
Fuel range Fuel range. Range of precipitation controlling termination probability, through fuel build-up.
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